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• What are basic ingredients of matter?

• How do they interact with one another?

• What are the most

fundamental laws

that describe all

natural phenomena

(at least in principle)?

Particle Physics

Questions:

• And several more

pragmatic question:

– how do stars shine?

– heavy elements?

– . . .
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Particle Zoo:

New periodic table

http://www.particlezoo.net
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What We Know We Don’t Know: A Few Solid Clues for What Lies Beyond

1. What is the physics responsible for electroweak symmetry breaking? → Higgs Boson (X)

2. What is most of the matter in the universe? → Dark Matter (?)

3. Where do neutrino masses come from?
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The Research Frontiers of Particle Physics

Homework:

Fill in the blank
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There will be dedicated lectures on the Energy Frontier and the Cosmic

Frontier. I am going to concentrate on the Intensity Frontier.

Boundaries are very fuzzy. To me,

“The Intensity Frontier consists of research efforts where one aims at probing

nature through precision studies of the properties and fundamental interactions

of its basic constituents. While many of these efforts – especially the ones

pertinent to Fermilab – revolve around particle accelerators, the energy of the

accelerator is not ‘as high as possible’ but is rather dictated by the physics

question one is interested in addressing. Instead, it is the intensity and

“quality” (purity, time and space profile, etc) of the accelerated beam, that

determine the reach of intensity frontier experiments. Past, current, and future

Intensity Frontier experiments include studies of neutrino oscillations, searches

for rare muon, pion, and kaon processes, precision measurements of muon

properties, heavy flavor (charm and bottom) factories and the LEP1

experiments (the energy was fixed at a special value, the Z-pole mass).”

[AdG, N. Saoulidou, Ann. Rev. Nucl. Part. Sci. 60, 513-538 (2010).]
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Cosmic Frontier

(What is most of the matter

in the universe?)

June 18, 2013 Intensity Frontier
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Intensity Frontier

(Where do neutrino masses

come from?)
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Energy Frontier

(What is the Physics of Electroweak

Symmetry Breaking?)
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Intensity Frontier

Study the properties

of the basic ingredients

in as much detail as

possible.

http://www.particlezoo.net
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Neutrinos are

Among a Handful of

Known Fundamental,

Point-Like Particles.

neutrino = ν

(‘nu’)

http://www.particlezoo.net

→
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Neutrinos are Very, Very Abundant.

around 100 billion go through
your thumb every second!
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Also Closer to Home. . .
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. . . And Much Further Away.

Supernova: 100 times more energy released in the form of neutrinos!

June 18, 2013 Intensity Frontier
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Neutrinos are Relics of the Big Bang:

Neutrinos are Everywhere
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However, Neutrinos Are Really Hard To Detect:

Neutrinos have no charge (unlike, say, the electrons) and don’t interact
via the strong nuclear forces (unlike, say, a neutron).

They interact only via the WEAK force – which, as it turns out, is really weak.

You need a wall of lead as thick as
the solar system in order to stop a neutrino produced in the Sun!

How did we get around this? With lots and lots of neutrinos, and really
big detectors!
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Until recently (∼ 1998), this is how we pictured neutrinos:

• come in three flavors (see figure);

• interact only via weak interactions;

• have ZERO mass;

• 2 degrees of freedom:
– left-handed state ν,
– right-handed state ν̄;

• neutrinos carry lepton number:
– L(ν) = +1,
– L(ν̄) = −1.
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André de Gouvêa Northwestern

Over the past decade, the picture changed dramatically. We have
discovered that neutrino masses are not zero. In more detail, this is what
we discovered:

• Neutrinos Mix.

• Neutrinos Oscillate. This means they can change their flavor after
propagating a long distance (depends on the neutrino energy.
Oftentimes, it is hundreds of kilometers).

Both of these phenomena occur only if the neutrino masses are not zero,
and different from one another.
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Mass-Induced Neutrino Flavor Oscillations

Neutrino Flavor change can arise out of several different mechanisms. The
simplest one is to appreciate that, once neutrinos have mass, leptons
can mix. If neutrinos have mass, there are two different ways to define
the different neutrino states.

(1) Neutrinos with a well defined mass:

ν1, ν2, ν3, . . . with masses m1,m2,m3, . . .

(2) Neutrinos with a well defined flavor:

νe, νµ, ντ

These are related by a unitary transformation:

να = Uαiνi α = e, µ, τ, i = 1, 2, 3

U is a unitary mixing matrix.
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v1 v2 v3

20% orange (vμ)

60% yellow (ve)

20% red  (vτ )

32% orange (vμ)

36% yellow (ve)

32% red  (vτ )

48% orange (vμ)

4% yellow (ve)

48% red  (vτ )

electron-neutrino

electron-antineutrino

tau-neutrino

muon-neutrino

POLICE

Massive Neutrinos Are Mixtures of Flavor Neutrinos
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The Propagation of Massive Neutrinos

Neutrino mass eigenstates are eigenstates of the free-particle Hamiltonian:

|νi〉 = e−i(Eit−~pi·~x)|νi〉, E2
i − |~pi|2 = m2

i

The neutrino flavor eigenstates are linear combinations of νi’s, say:

|νe〉 = cos θ|ν1〉+ sin θ|ν2〉.

|νµ〉 = − sin θ|ν1〉+ cos θ|ν2〉.

If this is the case, a state produced as a νe evolves in vacuum into

|ν(t, ~x)〉 = cos θe−ip1x|ν1〉+ sin θe−ip2x|ν2〉.

It is trivial to compute Peµ(L) ≡ |〈νµ|ν(t, z = L)〉|2. It is just like a two-level

system from basic undergraduate quantum mechanics! In the ultrarelativistic

limit (always a good bet), t ' L, Ei − pz,i ' (m2
i )/2Ei, and

Peµ(L) = sin2 2θ sin2
(

∆m2L
4Eν

)
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L(a.u.)

P eµ
 =

 1
-P

ee

sin22θ

Losc

π L
Losc
≡ ∆m2L

4E = 1.267
(
L

km

) (
∆m2

eV2

) (
GeV
E

)
amplitude sin2 2θ
{oscillation parameters:
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NEUTRINOS

HAVE MASS
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[albeit very tiny ones...]

So What?
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André de Gouvêa Northwestern

This is much more

than a pretty picture.

It is a very powerful,

predictive model.

http://www.particlezoo.net
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• Result of over 50 years of particle physics theoretical and
experimental research.

• Theoretical formalism based on the marriage of Quantum Mechanics
and Special Relativity – Relativistic Quantum Field Theory.

• Very Powerful – once we specify the model ingredients: field content
(matter particles) and the internal symmetries (interactions), the
dynamics of the system is uniquely specified by a finite set of free
parameters.
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Given the known ingredients of the model and the known rules, we can
predict that the neutrino masses are exactly zero.

Neutrino masses require new ingredients or new rules. We are still try to
figure out what these new ingredients are.

On the plus side, we probably know what they could be. . .
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Neutrino Masses, Higgs Mechanism, and New Mass Scale of Nature

The LHC has revealed that the minimum SM prescription for electroweak

symmetry breaking — the one Higgs double model — is at least approximately

correct. What does that have to do with neutrinos?

The tiny neutrino masses point to three different possibilities.

1. Neutrinos talk to the Higgs boson very, very weakly (Dirac neutrinos);

2. Neutrinos talk to a different Higgs boson – there is a new source of

electroweak symmetry breaking! (Majorana neutrinos);

3. Neutrino masses are small because there is another source of mass out

there — a new energy scale indirectly responsible for the tiny neutrino

masses, a la the seesaw mechanism (Majorana neutrinos).

Searches for 0νββ help tell (1) from (2) and (3), the LHC, charged-lepton flavor

violation, et al may provide more information.
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(Some of the) Ongoing Neutrino Physics Activity at FERMILAB

• MINOS;

• MiniBooNE;

• Minerνa;

• NOνA;

• MINOS+;

• MicroBooNE;

• LBNE.

and several other plans for the future!
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Looking for CP-violation: neutrinos (matter) and antineutrinos
(antimatter) behaving differently. We have never observed this (in

neutrinos) before. It may mean something very important!
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The Muon is

Among a Handful of

Known Fundamental,

Point-Like Particles.

muon = µ

(‘mu’)

http://www.particlezoo.net
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“Who Ordered That?”

The muon is the best known
unstable fundamental particle.

The muon is also the heaviest
fundamental particle we can directly
work with. It is a unique, priceless
resource for physicists.
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“Who Ordered That?”

The muon is the best known
unstable fundamental particle.

The muon is also the heaviest
fundamental particle we can directly
work with. It is a unique, priceless
resource for physicists.

ANS: “We did!”
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André de Gouvêa Northwestern

The Muon Magnetic Dipole Moment

The magnetic moment of the muon is defined by ~M = gµ
e

2mµ
~S.

The Dirac equation predicts gµ = 2, so that the anomalous magnetic
moment is defined as (note: dimensionless)

aµ ≡
gµ − 2

2

In the standard model, the (by far) largest contribution to aµ comes from
the one-loop QED vertex diagram, first computed by Schwinger:

aQEDµ (1− loop) =
α

2π
= 116, 140, 973.5× 10−11

The theoretical estimate has been improved significantly since then,
mostly to keep up with the impressive experimental reach of
measurements of the g − 2 of the muon.
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(g-2)/2

Spin Precession w.r.t. Momentum Vector

# of high E electrons
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NOTE: aLbLµ = 105± 26× 10−11

[Davier et al, 1010.4180]
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http://muon-g-2.fnal.gov/bigmove/

June 18, 2013 Intensity Frontier

http://muon-g-2.fnal.gov/bigmove/
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∆aµ: we need to dig a little more!
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Ever since it was established that µ→ eνν̄, people have searched for
µ→ eγ, which was thought to arise at one-loop, like this:

µ e

ν

γ

The fact that µ→ eγ did not happen, led one to postulate that the
two neutrino states produced in muon decay were distinct, and that
µ→ eγ, and other similar processes, were forbidden due to symmetries.

To this date, these so-called individual lepton-flavor numbers seem to be
conserved in the case of charged lepton processes, in spite of many
decades of (so far) fruitless searching. . .
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60+ Years of Searches for Charged-Lepton Flavor violation (µ and e)

+
MEG goal → +

Mu2e goal → �

∇∇∇∇ ← τ CLFV

[hep-ph/0109217]
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SM Expectations?

In the old SM, the rate for charged lepton flavor violating processes is trivial to

predict. It vanishes because individual lepton-flavor number is conserved:

• Nα(in) = Nα(out), for α = e, µ, τ .

But individual lepton-flavor number are NOT conserved– ν oscillations!

Hence, in the νSM (the old Standard Model plus operators that lead to neutrino

masses) µ→ eγ is allowed (along with all other charged lepton flavor violating

processes).

These are Flavor Changing Neutral Current processes, observed in the quark

sector (b→ sγ, K0 ↔ K̄0, etc).

Unfortunately, we do not know the νSM expectation for charged lepton flavor

violating processes → we don’t know the νSM Lagrangian !
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One contribution known to be there: active neutrino loops (same as quark sector).

In the case of charged leptons, the GIM suppression is very efficient. . .

e.g.: Br(µ→ eγ) = 3α
32π

∣∣∣∑i=2,3 U
∗
µiUei

∆m2
1i

M2
W

∣∣∣2 < 10−54

[Uαi are the elements of the leptonic mixing matrix,

∆m2
1i ≡ m2

i −m2
1, i = 2, 3 are the neutrino mass-squared differences]
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August 28, 2006W. Molzon, UC Irvine                                                       NuFact 2006 - Status of the MEG Experiment 5

The MEG Experiment

1m

e+

Liq. Xe Scintillation
Detector

g

Drift Chamber

Liq. Xe Scintillation
Detector

e+

g

Timing Counter

Stopping Target
Thin Superconducting Coil

Muon Beam

Drift Chamber
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⇑
Dominant Background
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Br(µ→ eγ) < 2.4× 10−12 (90% CL)

[MEG Coll. arXiv:1107.5547]
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µ+ → e+e+e−

Backgrounds: – µ+ → e+ννγ∗(→ e+e−)

– accidentals (like µ→ eγ)

Handle: – vertexing, needs excellent tracking

Yet to hit a wall. Proposal at PSI.

[N. Berger at NuFact’11]
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What Will Happen in the Near Future . . .

• Mu2e and COMET: µ→ e-conversion at 10−16.

• g − 2 measurement a factor of 3–4 more precise.

• Project X-like: µ→ e-conversion at 10−18 (or precision studies?).

• Project X-like: deeper probe of muon edm.

• Muon Beams/Rings: µ→ e-conversion at 10−20? Revisit rare muon
decays (µ→ eγ, µ→ eee) with new idea?
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André de Gouvêa Northwestern

June 18, 2013 Intensity Frontier
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Strange Quark is

Among a Handful of

Known Fundamental,

Point-Like Particles.

http://www.particlezoo.net

→
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The Kaon is bound state of a sū (charged Kaon) or sd̄ (neutral Kaon)
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André de Gouvêa Northwestern

June 18, 2013 Intensity Frontier



André de Gouvêa Northwestern

June 18, 2013 Intensity Frontier



André de Gouvêa Northwestern
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large data samples may teach us a lot . . . depending on where we are late in this decade
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KL → π0νν̄ has never been observed.

“nothing in – nothing out”. Very hard experimentally!

goal of the KOTO experiment in J-PARC – around 50 events, assuming SM rate.
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Backup Slides . . .
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